The present paper entails the petrographic and chemical characteristics of the lignite samples drawn from the Rajpardi lignite deposit of Bharuch district, Gujarat. This lignite contains a high concentration of huminite which is dominated by telohuminite, followed by detrohuminite. Liptinite and inertinite macerals are very low in concentration. The dominant microlithotype is humite. Its elevated volatile matter and high hydrogen content depicts its perhydrous nature. The study reveals that this lignite originated in a limno-telmatic to telmatic condition. The paleomire is further characterized as a wet moor having moderate to high flooding with good tissue preservation and increasing bacterial activity.
INTRODUCTION
Lignite deposits of India have a characteristic occurrence, age, and paleogeographic framework controlled by a set of depositional settings. They widely occur as subsurface deposits with variable lateral and vertical extents, structural disposition, multiplicity of seams, quality, and associated overburden. Less than 1% of total coal reserves of the country belong to Tertiary period and occur either as 'Subbituminous' or 'Lignite'. Whereas the former occurs in northeast and northwest India, the latter occurs in western, northwestern, and southern India. The lignite deposits of Gujarat are found mainly in the Eocene age and include the deposits of Bhavnagar, Matanomadh, Vastan, Rajpardi, Panandhro, and other neighbouring minor deposits ( Fig. 1) (Balasubramanyan, 2006; Saxena, 1979; Sahni et al., 2006; Singh and Singh, 2005; Singh et al., 2010b) . Repeated transgressions occurred in this area around 55 million years ago and accumulation of precursor peats took place all along the Plate margin at several parts of Gujarat, Rajasthan, Jammu and Kashmir, and Pakistan (Joshi, 2007) . Regional subcontinental distribution of the Early Eocene coals and lignites of Gujarat and Rajasthan have been studied by Sahni et al. (2006) , who demonstrated that the Lower Tertiary coal measures were formed on the Indian Plate environment is spread up in a 1600-km long 50-km wide belt along the coast. He also believes that a dense mangrove system existed along the Eocene muddy shelf and contributed a significant amount of organic matter for the development of peat system. The Late Paleocene-Middle Eocene interval is considered to have been a warm period, marked by global ∼6°C increase in deep sea water temperature. This started as Paleocene-Eocene Thermal Maximum (PETM) and culminated as Early Eocene Climatic Optimum (EECO) and has been supposed to cause many faunal and floral changes across the world (Kennett and Stott, 1991; Koch et al., 1992; Katz et al., 1999; Schmitz et al., 2001) . Due to the convergence of Indian Plate and the Asian land mass, the current flow of Neotethys was blocked and the clastic influx was reduced (Sahni et al., 2006) . This caused prevalence of euxinic conditions, especially along the western margin of Indian Plate. Consequently, in the equatorial-tropical regions, the productivity of organic matter increased multiple times and led to the formation of coals along western Indian margin and also in Pakistan.
Studies on floral assemblage on the Eocene-age Vastan lignite deposits, adjacent to the Rajpardi lignite, indicate a warm climate which is appropriate for the luxuriant floral growth (Joshi, 2007) . Singh and Singh (2005) have carried out petrological studies of another adjacent, Early Eocene lignite deposit of Gujarat (Panandhro lignites of Kachchh basin) and suggested lagoonal conditions of formation with increased microbial activities mainly under anaerobic and relatively high pH conditions of mire.
Although studies have been made on the other lignite deposits of Gujarat, no petrographic investigations have been carried out on the Rajpardi lignite deposit of Bharuch district. Bharuch (or Broach) is a part of Cambay basin which is a significant Tertiary hydrocarbon belt and extends through the Sanchor-Mehsana-AhmedabadTarapur-Broach-Surat regions of Gujarat and further continues to the Barmer region of Rajasthan (Mathur et al., 1968; Biswas, 1987) . The Rajpardi lignite deposit is being exploited by open-cast mining, and supplied to lignite-fired power stations. Based on the palynological records, Phadtare and Thakur (1990) have assigned an Early to middle Eocene age to the Rajpardi lignites. The main objectives of the present work are to study the vertical differentiation in petrographic characteristics of this lignite and the interpretation of coal faces and depositional environment.
GEOLOGICAL SETTING OF THE AREA
The exploration carried out by Oil and Natural Gas Corporation Ltd. has revealed the occurrence of two major formations in the Rajpardi area viz. the Deccan Traps and Tertiary Sediments and is shown in a simplified geological map (Fig. 1) . In Rajpardi area, the lignite deposit is being mined in the Amod Lignite block where the major litho units comprise of the Babaguru Formation underlain by the Tadkeshwar Formation which, in turn, is underlain by Nummulitic Formation (Table 1 and Fig. 1 ).
In the Tadkeshwar Formation (Table 1 ) the grey clay-bed, at the bottom, is continuous with varying thickness and is overlain by the carbonaceous clay-bed. Few lenses of sand, sandstone, carbonaceous clay and lignite occur embedded in the grey clay. The lignite lenses have variable thickness and lateral extent. The carbonaceous clay bed is conformably overlain by a five-meter-thick lignite seam, which is a marker bed. The lignite seam is soft, friable and brown containing yellow resin and pockets of clay. Upper carbonaceous clay conformably lies over the lignite seam. The upper carbonaceous clay, in turn, is overlain by the grey, plastic, bentonitic clay. There is increase in the proportion of sand towards the upper portion of the bentonite clay and gradually converts into sandy clay.
Two unconformities also occur: one between the Traps and Vagadkhol Formation, and the other between the lower clays and upper sands of the Tadkeshwar Formation.
Borehole data indicates the presence of two persistent lignite seams designated respectively as top (4.2 to 8.8 m thick) and bottom (1.0 to 3.4 m thick) seams/horizons. In addition to them, a few non mineable and uneconomic local seams also occur in this 
RESULTS AND DISCUSSION

Macropetrographic characteristics
The Rajpardi lignite exhibits brownish to brownish black colour and is dominantly unstratified, matrix rich and as per ICCP (1993) . It is friable in nature, fine textured and moderately to highly gelified. Resin is also seen on the surface of some of the samples.
Micropetrographic characteristics
Maceral composition
Maceral analyses reveal that huminite is the dominant maceral group whereas liptinite and inertinite occur in low concentrations (Table 2) .
Huminite
The Rajpardi lignite is rich in huminite. It is grey to dark grey in colour and occurs mostly as groundmass. It is dominated by ulminite which ranges from 23.7 to 85.0%. The macerals next in dominance are attrinite (0 to 42.1%) and densinite (0.2 to 25.7%), respectively. Attrinite occurs as mixture of fine huminitic particles and ungelified amorphous material whereas densinite being cemented huminitic amorphous substance, occurs as homogeneous and mottled ground mass of dark grey colour. Textinite is low in abundance (0 to 6.6% textinite-A; 0 to 7.5% textinite-B) but occurs with preserved cell structures. The cell lumens of textinite are slit like ( Fig. 3a) , oval ( Fig. 3b ), elongated and are sometimes filled up mostly with mineral matter and rarely with corpohuminite. Corpohuminite occurs as oval to rounded bodies usually as cluster (Figs. 3c and d) and also as fillings in cell lumens. The total huminite concentration in this lignite ranges from 68.9 to 92.6 vol % (wt av 85.1 vol %). The details of the individual macerals are summarized in Table 2 .
Liptinite
Liptinite macerals in this lignite occur in small concentration. The structured liptinite macerals include sporinite, cutinite, resinite, suberinite, and liptodetrinite. Sporinite occurs as elongated and spindle shaped bodies and both microspores and megaspores are recorded. Cutinite occurs as elongated bodies with serrated margin and is similar to sporinite in colour, being dark to grey. Resinite occurs as oval to spherical bodies of variable sizes showing grey to black colour (Fig. 3e ). The cortex cell lumens of suberinite are also recorded in this lignite (Fig. 3f ). Liptodetrinite occurs as dispersed particles in huminite matrix. Its concentration ranges from 1.0 to 6.5 vol % (wt av 2.3 vol %). The individual liptinite macerals are summarized in Table 2 . (Fig. 3g) where the chambers are partially or completely filled with mineral matter. Fusinite cells with parenchymatic cells (Fig. 3h) have also been observed in few samples. Other macerals of this group occur in very low concentration. The Rajpardi lignite has a total inertinite concentration ranging from 0.2 to 7.0 vol % (wt av 2.5 vol %) and has been summarized in Table 2 .
Mineral matter
The results indicate that this lignite has low concentration of mineral matter which consists of clay minerals, carbonates and pyrite. Clay minerals occur as ground mass and also as fillings in the fissures, cracks, and cleats; and also as infilling of cell lumens of fusinite and perforations of funginite. Carbonates occur as ground mass, as strings and sometimes as fissure filling. Discrete grains of pyrite and also the oxidation of huminite by pyrite have been observed. The total concentration of mineral matter ranges from 3.0 to 29.8 vol %, wt av 10.1 vol % (Table 2) .
Microlithotype Characteristics
The microlithotypes in Rajpardi lignite have been identified as per classification given by Singh et al. (2010) for Vastan lignites which is located nearly 30 km south of this deposit in Gujarat. Accordingly, humite is the dominating microlithtype which is followed by huminertite-H and clarite-H. Other microlithotypes like liptite and inertite have low occurrences. The concentration of humite varies from 74.8 to 96.5 vol % (wt av 91.3 vol %). The carbominerites are represented by carbargilite and carbopolyminerite. The details of microlithotypes and carbominerites are summarized in Table 3 .
Rank study
The rank/ maturity study has been carried out using reflectance measurement taken on ulminite grains. The random huminite reflectance (VRr) varies from 0.24 to 0.35% (Table 2) . These values, as per International Standard (ISO, 2005) , put the Rajpardi lignite as 'Low rank B'/ 'lignite B' in rank.
Chemical characteristics
The proximate analysis indicates low moisture and ash contents whereas the volatile matter is quite high. The moisture content ranges from 6.4 to 8.7 wt % (mean 7.0 wt %) while ash content ranges from 4.9 to 7.3 wt % (mean 5.9 wt %). The volatile matter content varies from 56.7 to 58.3 wt %, mean 57.6 wt % (64.8 to 67.9 wt % daf basis, mean 66.1 wt %) and the fixed carbon content ranges from 28.2 to 31.7 wt %, mean 29.5 wt % (32.1 to 35.8 wt % daf basis, mean 33.9 wt %). The carbon content (daf basis) varies from 62.8 to 73.3 wt % (mean 67.7 wt %) while hydrogen varies from 0.6 to 7.8 wt % (mean 5.8 wt %). Nitrogen varies from 0.2 to 1.4 wt % (mean 0.5 wt %) and oxygen from 18.7 to 31.5 wt % (mean 26.0 wt %). This lignite is low in sulfur (0.2 to 0.8 wt %, mean 0.4 wt %). The details of the proximate and ultimate analyses are summarized in table 4. The data of ultimate analysis reveals that this lignite has relatively high hydrogen content. Majority of the carbon (daf) and hydrogen (daf) data in the Seyler's chart fall in the perhydrous zone (Fig. 4a) . This suggests that the Rajpardi lignite is perhydrous in nature. The enrichment of hydrogen deposit, Gujarat, India Table. could possibly be attributed to the prevalence of anoxic conditions of bacterial decay. This is in agreement with the work of Newman and Newman (1982) , Gentzis and Goodarzi (1994) , Gurba and Ward (1998) , Petersen and Rosenberg (1998) M e ta g e n e s is A n th ra c it e a n d m e ta -a n th ra c it e huminite/ vitrinite are severely affected. These factors appear to have caused suppression of huminite reflectance in the present case. The increase of hydrogen content with increasing reflectance (r = 0.337) further supports this view (Fig. 4b) . Similar case was also seen in the Kalimantan coals of Indonesia (Singh et al., 2010) . The plots of H/C and O/C atomic ratios in the Van Krevelen diagram fall between Kerogen type II and Kerogen type III organic matter with a maturity of lignitic stage (Fig. 4c) .
Depositional environment
The characteristics of coal depend on factors including peat-forming plant communities, types of deposition, nutrient supply, pH, bacterial activity, temperature, and redox potential (Sun et al., 2010; Lin and Tian, 2011) . Variables of these conditions induce physical and chemical changes in the organic matter (Sun et al., 1998) . Clastic input either by surface inundation or rise of water table increases the ash yield of the organic deposit. For the reconstruction of the peat formation precursors of Rajpardi lignite, few models based on quantitative petrographic data have been applied. Several researchers have successively done paleoecological reconstructions of coal seam through petrographical studies. Useful contributions have been made by Cohen and Spackman (1972) , Styan and Bustin (1983) , Cohen et al. (1987) , Calder et al. (1991) , Grady et al. (1993) , Hawke et al. (1996) , Singh and Singh (1996) , Shearer and Clarkson (1998) , Sun et al. (1998) , Jasper et al. (2010) , Singh et al. (2010a,b) , Deng and Sun (2011) , Singh et al. (2011 in press) . The paleodepositional environment is reflected by the presence or absence of certain macerals (Teichmüller, 1989) . Two petrographic indices, the gelification index (GI) and tissue preservation index (TPI), were introduced by Diessel (1986) to characterize the paleodepositional environments of Australian Permian coals. Subsequently, a number of workers made serious remarks against their usage particularly for Tertiary coals and lignites (Lambersen et al., 1991; Crosdale, 1993; Dehmer, 1995; Scott, 2002; Moore and Shearer, 2003; Amijaya and Littke, 2005) . However, the indices were further modified by Kalkreuth et al (1991) , Petersen (1993) , and Flores (2002) for-low rank coals. In the present investigation TPI has been modified and the GI has been calculated as suggested by Petersen (1993) to decipher the paleodepositional conditions. The indices are calculated as follows: GI = Huminite/Inertinite TPI = (telohuminite + fusinite + semifusinite)/(gelohuminite + detrohuminite + macrinite + inertodetrinite) TPI depends on the depth of water cover and the frequency of dry spells with additional controls of pH and type of coal facies. Gelification is controlled by intensity and duration of microbial decay; the intensity of bacterial activity depends largely on the ground water conditions, pH, and temperature (Kolcon and Sachsenhofer, 1999) . The GI and TPI plots (Fig. 5) suggest that the Rajpardi lignites have evolved in limno-telmatic to telmatic forest swamp. Most of the samples show high TPI, suggesting wood-derived tissues and/or high subsidence rate resulting in the preservation of cell structures. A very low concentration of inertinite content has resulted in high GI values indicating continuous wet conditions during the decay of the organic matter. However, presence of funginite indicates occasional oxic conditions during deposition because fungi normally exist in the upper oxygenated peatigenic layer. Such oxygenated spells may be observed towards the upper part of the Rajpardi lignite seam where inertinite macerals are relatively high in concentration as compared to the lower portion of the seam. Moreover, a negative correlation (r = − 0.287), though low, between TPI and GI in Rajpardi lignite indicates that clastic sedimentation has reduced the tree density and is unfavourable for tissue preservation, corroborating the study of Markic and Sachsenhofer (1997) . The characterization of paleomires based on the ground water influence index (GWI) and the vegetation index (VI) was proposed by Calder et al. (1991) . He emphasized the influence of ground water and demonstrated that mires form in successive variations between rheotrophic and ombrotrophic hydrological conditions. He further established that GWI values less than 1 relate to ombrothrophic to mesotrophic paleoenvironments whereas GWI values more than 5 relate to drowning of peat. This has been tested for Rajpardi lignite with some modifications. The following formulae have been used: GWI = (gelinite + corpohuminite + mineral) / (textinite + ulminite + densinite) VI = (textinite + ulminite + fusinite + semifusinite + suberinite + resinite)/(densinite + inertodetrinite + alginite + liptodetrinite + sporinite + cutinite) The GWI and VI plots of Rajpardi lignite indicate ombrogenous peat accumulation from bog to bog-forest. To understand the environment of the paleomire, some other petrography based models have also been used. The facies model proposed by Mukhopadhyay (1986) , which is based on relative abundance of macerals, indicates that this lignite evolved in a forest swamp under mildly oxic to anoxic condition with good tissue preservation (Fig. 7) .
As most of the models, developed to reconstruct paleoconditions of peat formation, do not have content of detrital mineral matter as an exhibit of flooding episodes, a ternary facies diagram has been proposed where one corner has clastic mineral matter, detrohuminite, inertodetrinite, liptodetrinite, discrete macrinite and alginate as hundred for Rajpardi lignite, Gujarat (after Calder et al., 1991) . percent (Fig. 8) . The plots of Rajpardi lignite samples on this facies model reveal that the same has evolved in a forest swamp under wet moor conditions having moderate to high flooding with good tissue preservation and increasing bacterial activity. This is in agreement with Lamberson et al. (1991) , who demonstrated that high GI and TPI values occur in wet forest swamp of telmatic zone with rapid burial where the content of vitrinite > inertinite and structured vitrinite dominates over the degraded huminite. This observation may be further substantiated in the ternary facies diagram (Fig. 9) , which is based on microlithotype and carbominerite contents by Singh et al. (2010) . This supports the origin of Rajpardi lignite in a wet moor with moderate flooding and enhanced bacterial activity. This also shows agreement with the work of Singh et al. (2010) on the Vastan lignite deposits of Eocene age lying adjacent to the Rajpardi lignites. They have demonstrated that the Vastan lignite deposits have originated under moderate to high water cover in limnic environments and provided evidence in support of anaerobic decay of organic matter with better preservation of structural components of vegetal matter.
CONCLUSION
Based on the study carried out on Rajpardi lignite, the following conclusions are drawn:
The 'Low rank B' Amod lignite in rank is chemically characterized by high volatile matter and elevated hydrogen content.
Petrographically the lignite is dominated by telohuminite followed by detrohuminite while liptinite and inertinite macerals are in low concentration. Telohuminite is represented mainly by ulminite whereas textinite occurs in very small concentration and their cells are, sometimes, seen filled with argillaceous mineral matter. Detrohuminite is represented by attrinite and densinite. Liptinites are low in concentration. Well-preserved cortical cells are seen in suberinite. Other sub-macerals include sporinite, cutinite, resinite, and liptodetrinite. The inertinite macerals are represented by macrinite, fusinite, semifusinite, funginite, and inertodetrinite but in very low concentration. Mineral matter, in variable concentrations, is dominated by argillaceous minerals followed by carbonate whereas pyrite occurs in very low concentration.
The microlithotype assembly is dominated by humite whereas other microlithotypes have been recorded in very low concentration.
The GI and TPI indices indicate that Rajpardi lignites were deposited in limnotelmatic to telmatic forest swamp. High TPI values indicate predominance of wood derived tissues and increased rate of subsidence that result in the preservation of the maceral structures.
A new facies model has been proposed to characterize the paleomire of Rajpardi lignite deposits. Here due impetus has been laid on clastic mineral matter along with the maceral components because the clastic minerals relate to water cover in the paleomire. This facies model reveals that the Rajpardi lignite evolved in a forest swamp under wet moor conditions having moderate to high flooding with good tissue preservation and increasing bacterial activity.
Lucknow, Uttar Pradesh. We are thankful to Prof Y. Sun for editorial handling of this manuscript and to Dr. Jim Hower and the other anonymous reviewer whose constructive critiques improved the manuscript.
